the ocean. The retreat of these marine-based sectors is likely to increase sea-level rise from Greenland for decades to come.
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T o dissect the mechanisms of high-speed neuronal information processing in the live brain, neuroscientists need to track cellular and subcellular electrophysiological activity with millisecond-scale resolution in identified neuron types. Genetically encoded fluorescent Ca 2+ indicators report isolated, individual action potentials from many cell types in live animals (1, 2) . However, Ca 2+ indicators' slow kinetics (~50 to 1000 ms) precludes high-fidelity studies of fast-spiking cell types, determinations of spike waveforms, resolution of individual spikes in fast spike trains, and precise estimates of spike timing. Moreover, the magnitude of Ca 2+ influx in response to an action potential varies across cell types and even within individual cells (1, 2) . In vivo Ca 2+ imaging also poorly tracks subthreshold or dendritic voltage dynamics, due to insensitivity to hyperpolarizations and confounds from synaptic Ca 2+ influx. Organic voltage-sensitive dyes typically have much faster kinetics than Ca 2+ indicators but are generally highly phototoxic, allow neither genetically targeted delivery nor long-term imaging studies of single cells, and have been incapable of reporting single spikes in the live mammalian brain (3) .
GEVIs combine genetic targeting and optical readout of transmembrane voltage (3, 4) , and in principle can sense spikes and subthreshold dynamics. Nevertheless, to date, GEVIs have lacked the capabilities to detect individual action potentials and fast spike trains in live animals (3, 4) .
Past efforts fused fluorescent proteins to voltagesensitive domains (VSDs) from voltage-sensitive phosphatases (5-9) or used Archaerhodopsin (Arch), which is both a fast VSD and a dim fluorophore (10) . Although Arch variants work well in cultured neurons, the intense illumination required (1 to 10 W ⋅ mm −2 ) plus the consequent heating, autofluorescence, and photodamage have precluded imaging studies in intact tissue over wide fields of view (10) .
Here, we present fast GEVIs (<1-ms response) that fuse the Acetabularia acetabulum rhodopsin (Ace) (11) and mNeonGreen (12) fluorescent protein to enable voltage-sensitive fluorescence resonance energy transfer (FRET) (Fig. 1A and table S1). We previously introduced this "FRETopsin" configuration (13, 14) , which combines the fast kinetics of a rhodopsin VSD with a bright fluorophore and provides high-fidelity membrane potential and spike train readouts at illumination levels~50 to 100 times lower than those used with Arch indicators. A FRET-opsin indicator based on Leptosphaeria maculans (Mac) rhodopsin and yellow fluorescent mCitrine reported fast neural spiking in brain slices and Purkinje neurons' dendritic activation in live mice (13) . These results had suggested that optical recordings of action potentials and dendritic voltage dynamics in live animals might be attainable. Ace-mNeon indicators now enable high-fidelity imaging of individual spikes and fast spike trains in live mice and flies due to their faster kinetics and superior brightness compared with all prior GEVIs. Ace is about six times as fast as Mac, and mNeonGreen has a~50% higher extinction coefficient than mCitrine and nearly threefold better photostability (12) . We created Ace mutants (Ace1Q and Ace2N) with an inactivated proton pump; these have blue-shifted absorption spectra compared with Mac and Arch (11, 13), yielding superior FRET acceptors when paired with green or yellow emitters (figs. S1 and S2). When used together with protein trafficking signals, the fusions provide high FRET efficiency and minimal protein aggregation in live neurons (Fig. 1, A and B) , key attributes of a FRET indicator (13, 14) .
We measured responses of Ace1Q-mNeon and Ace2N-mNeon to voltage depolarization steps in cultured human embryonic kidney-293T (HEK293T) cells. These sensors responded five to six times as fast as MacQ-mCitrine (13) and the ASAP1 indicator (7) (Fig. 1C and table S2 ). At termination of a step depolarization, Ace2N-mNeon exhibited some hysteresis during its relaxation back to baseline fluorescence levels (Fig. 1C, inset,  and fig. S3 ). However, the steady-state response varied linearly with the transmembrane voltage within the physiological range of subthreshold potentials, and the initial peak response increased linearly between -100 mV and +30 mV (Fig. 1D) . These relationships were similar to those of previous FRET-opsin sensors ( Fig. 1D and fig. S3 ), but the faster kinetics of the Ace indicators enabled superior spike detection fidelity, even for rapid successions of spikes that would have blurred together with Ca 2+ imaging (Fig. 2, A to E). During action potentials in cultured neurons, Ace2N-mNeon and Ace1Q-mNeon had peak changes in fluorescence intensity relative to baseline values (DF/F) of 12.0 ± 0.8% (mean ± SEM; N = 12 cells) and 8.5 ± 0.7% (N = 10 cells), respectively, while leaving the spike waveform unperturbed (Fig. 2, A and B, and fig. S4 ). Photobleaching rates were those of the constituent mNeonGreen, which is as photostable as enhanced green fluorescent protein (12) and comparable to those of other brightly fluorescent voltage indicators (table S2) .
To quantitatively compare multiple indicators, we used a metric of spike detection fidelity, d′, from signal detection theory (9, 15) . This metric accounts for an indicator's optical waveform in response to a spike and thus captures rates of correct and false spike detection better than other metrics, such as signal-to-noise ratio (SNR) (16) . Modest improvements in d′ can have huge benefits for experimentation because false detection rates decline faster than exponentially with increases in d′ (9, 15) . Compared to MacQ-mCitrine, the superior brightness and peak DF/F responses of the Ace indicators increased d′ by factors of 2.2 to 3.0, with d′ values of 100 ± 12 (Ace2N-mNeon, mean ± SEM) and 70 ± 8 (Ace1Q-mNeon) in cultured neurons (Fig. 2C) . Our calculations predicted that this should be sufficient to image spikes >0.4 ms in duration, not only in brain slices but also in live animals ( fig. S5 ).
Studies in mouse brain slices and live mice validated these predictions (Fig. 2 , B to E, and Fig. 3 , A to F). To facilitate spike detection, we sparsely expressed the GEVIs using the SAD-DG viral vector, which efficiently transduces neurons through axons (17) . This labeling approach reduced background fluorescence from out-offocal-plane or nonspecifically labeled sources. Previous studies with this virus have shown that there is minimal toxicity in neurons up to 10 days after infection (17) . We imaged thick brain slices 3 to 5 days after viral injection and found that Ace2N-mNeon reported action potentials with DF/F = 6.5 ± 1.5% and d′ = 32 ± 5 (mean ± SEM; n = 5 cells) (Fig. 2B) . Neurons expressing the GEVI had statistically indistinguishable spike waveforms compared with nonfluorescent neurons in the same slices ( fig. S4 ).
We next imaged Ace2N-expressing neurons in the mouse visual cortex, using an indicator variant (Ace2N-4AA-mNeon) with four extra amino acids in the linker domain (table S1 ). This variant yielded improved expression and superior visualization of individual cells' dynamics in live mice (Figs. 2D and 3A, inset). Because extending the linker left the VSD unchanged, the voltagedependent kinetics were unaffected, although the increased distance between the FRET pairs reduced the peak DF/F response to neural spikes ( fig. S6 and table S2). In anesthetized mice (Fig. 2 , D and E) and awake mice (Fig. 3) , we readily observed spiking waveforms in labeled neurons in cortical layer 2/3, with interspike intervals as brief as~10 ms-i.e., an interval briefer by a factor of 20 than the signal integration time of the fast Ca 2+ indicator GCaMP6f (1).
Ace2N-4AA-mNeon also provided a high level of spike detection fidelity (d′ = 16 ± 1.5; mean ± SEM; N = 56 layer 2/3 neurons,~150 mm below the brain surface; N = 20 awake mice), at which the frequency of spike detection errors is vastly less than with previous GEVIs. Imaging at a 1-kHz frame rate at a d′ value of 16 corresponds to a mean rate of <10 .
(C)
Step responses of the Ace sensors, ASAP1 and MacQmCitrine to +100 mV command voltage steps, normalized to each sensor's maximum (or steady state) DF/F response to the command voltage. The initial rise of the Ace2N-mNeon sensor was more than six times as fast as that of ASAP1 and MacQ-mCitrine (table S2) Ace2N-4AA-mNeon and those from the electrical recordings were in perfect concordance (837 total spikes detected in dual recordings; N = 3 mice). Highlighting the importance of Ace2N's threefold increase in d′ over the best previous GEVIs, in vivo imaging with a value threefold lower (d′ = 5.3) leads to an unacceptable four spike-detection errors per second. The nearly vanishing error rate predicted at d′ = 16 is unattainable over hours under true experimental conditions due to the indicator's finite photostability and nonstationary noise sources in the live brain other than photon shot noise. Nevertheless, this calculation underscores the huge effect of modest rises in d′, in that Ace2N has an error rate that is orders of magnitude lower than previous GEVIs and is the first GEVI with acceptable error rates in the detection of single action potentials in live mammals.
Ace2N-4AA-mNeon also provided exquisite spike-timing accuracy, as determined from the dual optical and electrical recordings in live mice (Fig. 2E) . Relative to the spike times in the electrical traces, the spike times in the optical traces differed by only 0.24 ± 0.01 ms (SEM; N = 837 spikes) (16) . This degree of spike-timing accuracy approached the theoretical physical limits, 0.14 ± 0.03 ms, set by quantum mechanical photon shot noise (9, 15, 16) .
We also examined in awake mice whether individual cells' ongoing fluctuations in baseline Ace2N-4AA-mNeon emissions reflect subthreshold membrane voltage dynamics. If so, periods of optically reported membrane hyperpolarization should have reduced spike rates, and periods of reported depolarization should have elevated firing rates. This prediction proved correct for all 56 layer 2/3 neurons imaged in awake mice (Fig. 3B) . As determined optically, each neuron fired spikes from baseline voltage levels that were significantly higher than its median resting potential (P < 0.05 for all 56 cells; Wilcoxon rank-sum test). As a population, the 56 cells were far more likely to fire spikes when the optically reported membrane voltages were above median resting levels (P < 10
; Binomial test). Ace2N-4AA-mNeon also revealed submillisecondscale features of dendritic voltage dynamics during spike generation (Fig. 3C and movie S1) . Thus, Ace2N reports aspects of individual cells' subthreshold, dendritic, and high-speed membrane potential dynamics in the live brain.
We next studied visually evoked spiking responses. To illustrate targeting of specific subclasses of visual cortical neurons, we expressed Ace2N-4AA-mNeon selectively in cells of the primary visual area (V1) that sent axons to the lateromedial cortical area (LM) (denoted V1→LM neurons), one of 15 cortical areas in mice that receive inputs from V1 (16, 18) . We presented moving grating visual stimuli to awake mice and imaged the cells' evoked responses. Generally, layer 2/3 V1→LM neurons' evoked spiking was preferentially elicited by gratings of one orientation (4.1 ± 1.1 spikes ⋅ s with values determined by Ca 2+ imaging in the same neurons (Fig. 3E) and with previous studies (16, 19) . There were also light-sensitive V1→LM neurons that responded at the onset or offset of visual illumination regardless of the grating orientation ( fig. S8) .
We also studied sensory-driven neural dynamics in live fruit flies, in which electrical recordings are often challenging. Beyond in vivo imaging of fast somatic spike trains, GEVIs have the potential to reveal fast voltage dynamics in genetically identified dendrites and axons. To illustrate, we imaged fast dynamics in the olfactory system and first examined local neurons (LNs) of the olfactory glomeruli (20) , in which we used the R55D11-GAL4 fly driver line (21) to express an Ace2N variant with two extra amino acids in the linker domain (Ace2N-2AA-mNeon) (Fig. 4A, fig. S6 , and table S2). The baseline spike rate in the absence of odor stimulation was 7.4 ± 2.8 s −1 (N = 8 neurons from 8 flies), comparable to electrophysiological measurements (20) . In response to odor stimuli, we observed fast, evoked spike trains in single trials at firing rates significantly above baseline (P < 10
; Wilcoxon signed rank test) (Fig. 4B) . The peak odor-evoked spike rate was 65 ± 7 s about an order of magnitude faster than Ca 2+ imaging can resolve. As in mice, we performed dual optical and electrical recordings to verify the spike trains, this time using whole-cell patch-clamp electrodes to access LN neurons' intracellular potentials in intact fly brain explants (Fig. 4C, left optimum of 0.11 ± 0.03 ms (Fig. 4C, right) . Subthreshold dynamics were readily apparent in the optical traces, including plateau potentials and the rising and falling voltage waveforms surrounding action potentials. Ace2N-2AA-mNeon also reported the submillisecond-scale dynamics of spike back-propagation into the dendritic tree, revealing~0.5-to 1.0-ms delays between the initiating voltage peak at the soma and those in the dendrites (Fig. 4D and movie S2) . We next imaged olfactory projection neurons (PNs), which generally have more selective odor tuning than LNs (22, 23) . We used live flies and focused on R26B04-GAL4-labeled PN dendritic arbors (Fig. 4A) , which exclusively innervate the DL3 glomerulus (21) . In response to specific odors, the arbors exhibited fast, odor-evoked voltage dynamics with temporal structure at the 10-to 100-ms time scale (Fig. 4, E and F) . We compared these dynamics to those seen by Ca 2+ imaging using the GCaMP6f indicator ( fig. S9) . The odor-tuning profiles determined from the two modalities were in broad agreement, but voltage imaging with Ace2N revealed both small-amplitude responses and fast temporal signals that GCaMP6f failed to convey ( fig. S9 ). Finally, we imaged the PN dendritic arbors and axonal boutons simultaneously. Odor-evoked voltage signals in the two structures were similar, but there was a 3.7 ± 0.4 ms (mean ± SEM; N = 3 flies) propagation delay from dendrites to axons (Fig. 4G) . Neither Ca 2+ imaging nor electrical recordings have been capable of revealing this type of fast, intracellular signal propagation in a live animal.
By virtue of their bright emissions, fast (<1 ms) kinetics, and targeted expression, Ace2N GEVIs open a wide range of experimental avenues in optical neurophysiology. The capabilities to track fast-spiking, subthreshold, and both sensoryevoked and back-propagating dendritic voltage activity in vivo allow direct visualization of many temporal features of neural dynamics, plasticity induction, and coding that have long been inaccessible. When combined with chronic animal preparations (9), it will be possible to track these phenomena over multiple days. Ace2N sensors resolved sensory-evoked spike trains with firing rates as high as~75 s −1 (the fastest we encountered) with~0.2-ms timing accuracy. Whereas in vivo Ca 2+ imaging usually resolves successive spikes if they are~50 to 250 ms apart and has~20-to 100-ms timing accuracy for isolated spikes (1, 2), Ace2N sensors directly reveal the constituent spikes in spike bursts, a widespread and important means of neural signaling (24, 25) . The Ace2N sensors' timing precision is also key to resolving long-standing debates over the temporal attributes of neural coding (26, 27) .
The retrograde labeling strategy we used to express the Ace2N indicator in live mice also holds importance for future work, in that every soma we imaged had an axon at the virus injection site. This allowed us to target the subclass of V1 neurons with projections to area LM. A logical next step in the study of V1 would be systematic voltage imaging of visually evoked spiking across all 15 subclasses of V1 neurons, as categorized by their axonal projections (18) . There are long-standing in vivo electrophysiological methods for identifying cells with specific axonal projections (28), but they are technically onerous to an extent that has precluded widespread and routine use. Voltage imaging is now poised to make commonplace the study of neural dynamics in live mammals in chosen anatomical projection pathways.
Until now, subthreshold neural voltage dynamics have usually been inaccessible in live animals, especially in fine neural processes in which intracellular recordings are nearly prohibitive. As shown here, Ace-mNeon reveals fast dendritic activity, including stimulus-evoked dynamics and spike back-propagation. This is especially important for studies of flies and other species in which fine neurites are vital to information processing (29) . There is also rising appreciation of the importance of dendritic computation in mammalian neurons (30, 31) . Ace2N should allow direct observations of such phenomena in vivo.
For our in vivo imaging studies, we used widefield epifluorescence microscopy, 1-kHz imaging rates, and sparse fluorescence labeling. Fluorescent V1→LM neural somata were usually~150 mm below the brain surface and separated by~40 to 60 mm ( fig. S7 ). This separation enabled highfidelity tracking of neural spiking despite the lack of optical sectioning and the consequent background fluorescence. Comparable performance should also be feasible in deep brain areas by using microendoscopes to access deep tissues (9) . Studies of both surface and deep neural ensembles would benefit from improved scientificgrade cameras for fast imaging (1 kHz) at cellular resolution over broader fields of view than are possible today. For comparison, Ca 2+ imaging studies (10 to 20 Hz) capture specimen areas larger by a factor of 100 than those sampled here at 1 kHz (9) .
In principle, microscopy modalities with optical sectioning should also allow denser fluorescence labeling patterns and deeper optical penetration through thick tissue. A challenge, however, is that nearly all extant in vivo microscopy modalities with sectioning involve laser scanning, with pixel dwell times typically~0.1 to 2 ms for frame rates of 10 to 20 Hz. Given the importance of detecting as many signal photons as possible with voltage imaging, conventional laser scanning is plainly insufficient at the faster frame rates used for in vivo voltage imaging (~0.5 to 1 kHz). The introduction of Ace2N indicators for in vivo voltage imaging puts a premium on the innovation of microscopes that provide optical sectioning without conventional laser scanning. The emergence of scanless forms of optical sectioning microscopy holds particular interest for the further development of in vivo voltage imaging capabilities (32, 33) . Even with existing optical hardware, Ace-mNeon's capacities for targeted imaging of cells of identified types or axonal projections, resolution of fast spike trains, accurate spike-timing estimation, and observation of subthreshold and dendritic voltage dynamics open many questions to empirical study that hitherto could not be examined in live animals.
